Background: LRP1 plays a major role in foam cell formation from human vascular smooth muscle cells (hVSMCs). Results: Antibodies generated against the C-terminal half of cluster II CR9 domain (Gly 1127 -Cys 1140 ) efficiently prevented hVSMC foam cell formation. Conclusion: CR9 is key for AgLDL binding and internalization. Significance: Our results open new avenues for treating vascular lipid deposition in atherosclerosis.
Low density lipoprotein receptor-related protein (LRP1) mediates the internalization of aggregated LDL (AgLDL), which in turn increases the expression of LRP1 in human vascular smooth muscle cells (hVSMCs)
The low density lipoprotein (LDL) receptor-related protein 1 (LRP1 2 ; UniProt entry Q07954) is a ubiquitously expressed cell surface endocytic receptor that belongs to the LDL receptor family (1, 2) . LRP1 is synthesized in the endoplasmic reticulum as a 600-kDa single-chain polypeptide and subsequently processed into two subunits in the trans-Golgi network. The mature receptor is thus a heterodimer composed of a 515-kDa extracellular ␣-chain noncovalently associated with an 85-kDa transmembrane/cytoplasmatic ␤-chain (2, 3). The ␣-chain contains long modular arrays of acidic cysteine-rich complement-type repeats (CRs), along with epidermal growth factor (EGF)-like domains and ␤-propeller modules. Complementtype repeats consist of ϳ40 amino acid residues with three conserved disulfide linkages and mediate the specific recognition and internalization of more than 40 different extracellular ligands by LRP1. These ligand-binding domains are organized into four clusters termed I-IV, which are composed of 2, 8, 10, and 11 CRs, respectively. Most of the known LRP1 ligands bind to cluster II and/or IV (4) . Ligand binding alters the phosphorylation state of the ␤-chain intracellular tail, which allows recruitment or release of adaptor molecules triggering downstream signaling cascades (1, 5) .
Although no structural information has been reported for any of the LRP1 clusters, the structures of some of its individual CR modules have been studied, either by x-ray crystallography or more commonly by NMR in solution. Most of the characterized repeats belong to cluster II, which spans domains CR3-CR10. For example, the crystal structure of domain CR7 has been reported (6) , whereas modules CR3 and CR8 have been characterized by NMR in solution (7) . Further, the structure of the CR5/CR6 tandem has been solved, and a model of its complex with the chaperone and universal ligand of LDL receptor family members, RAP, has been presented (8) . Finally, a recent NMR analysis of a fusion protein between CR17 and the receptor-binding helix from apolipoprotein E (apoE) has unveiled the recognition mechanism of this apolipoprotein (9) . On the other hand, the crystal structure of the ectodomain of the founding member of the family, the LDL receptor, has revealed an overall extended arrangement of a cluster of seven CR modules, which form an arch that covers one of the faces of the bulkier ␤-propeller domain (10) .
LRP1 is a multifunctional receptor involved in several biological processes and signaling pathways (11, 12) , including lipoprotein metabolism (13) , cell proliferation and migration (14 -17) , neurotransmission (18) , and amyloid-␤ peptide clearance (19) . These functions confer on LRP1 an important role in atherosclerosis, cancer, and Alzheimer disease. In the vasculature, LRP1 protects the integrity of the vascular wall through inhibition of the platelet-derived growth factor (PDGF) pathway (14, 20, 21) . However, LRP1 overexpression has been associated with atherosclerosis in both animal (22) and human models of atherosclerosis (23) (24) (25) . In particular, LRP1 efficiently transfers cholesteryl esters (CE) from aggregated LDL (AgLDL) into human coronary VSMCs (26 -28) , transforming them into foam cells (29, 30) . The formation of AgLDL, detected and isolated from human atherosclerotic lesions (31) , is promoted through the interaction between retained LDL particles and proteoglycans in the arterial intima (32) . Hypercholesterolemia, one of the major cardiovascular risk factors, strongly promotes VSMC foam cell formation by favoring LDL retention and aggregation into the arterial intima (33) but also by up-regulating LRP1 vascular levels (34) . Remarkably, it has been recently reported that more than 50% of the foam cells in the vasculature originate from VSMCs (35) .
Although accumulated evidence clearly implicates intimal LDL aggregation and vascular LRP1 overexpression in hypercholesterolemia-associated atherosclerosis, a direct physical interaction between LRP1 and AgLDL has not been demonstrated, and the domain(s) of the LRP1 structure that could be involved in specific AgLDL recognition remains to be elucidated. To explore putative LRP1-AgLDL interactions, we produced the LRP1 ligand-binding clusters as soluble proteins (sLRP1-II to -IV, also termed "minireceptors"). Using these definite recombinant fragments, we show that AgLDLs are specifically recognized by LRP1 cluster II. Further, we generated rabbit polyclonal antibodies against three cluster II peptides predicted to be particularly immunogenic and LRP1-specific based on a three-dimensional model and other bioinformatics tools and tested the ability of these antibodies to inhibit AgLDL internalization. Our results show that anti-cluster II antibodies have a high capacity to block AgLDL-cholesteryl ester internalization by human VSMCs. These findings implicate the linker between domains CR7 and CR8 and the N-terminal portion of the latter (Cys 1051 -Glu 1066 ), the C terminus of CR8 and the CR8-CR9 linker (Asp 1090 -Cys 1104 ), and mainly the C-terminal half of CR9 (Gly 1127 -Cys 1140 ) as pivotal for AgLDL binding and internalization.
Experimental Procedures

Production of Soluble LRP1 Minireceptors
Expression Plasmids-A plasmid containing the entire cDNA for human LRP1 (accession number XM_001056970) was kindly provided by Dr. Joachim Herz (University of Texas Southwestern Medical Center, Dallas, TX) and used as the PCR template. We generated cDNAs for three of the soluble ligandbinding clusters of LRP1, sLRP1-II, sLRP1-III, and sLRP1-IV, with cluster boundaries essentially as reported previously (36) . Although formally related to these three minireceptors, the significantly smaller cluster I appears to be dispensable for ligand binding, because no ligands have been described so far for this LRP1 region, and it does not bind to the universal chaperone of the family, RAP (36) . Therefore, expression of this cluster was pursued no further in the current investigation. An additional construct that codes for the internal CR4 -CR8 domains of cluster II (CR4/CR8) was also generated. The domains included in the three sLRP1s are marked in Fig. 1A Table 1 . Plasmids were isolated, and cDNAs were then subcloned into the BamHI and EcoRV restriction sites of the pSegTag2B vector (Invitrogen). The resulting plasmids, designated pST2B/sLRP1-II, -III -IV, and -CR4/CR8, respectively, were transformed into TOP10 Escherichia coli cells, isolated, and verified by automated sequence analysis.
Cell Culture and Transfection-CHO-K1 cells were grown in F12-K medium (Gibco) supplemented with 5% fetal bovine serum (FBS), 2 mmol/liter L-glutamine, 100 units/ml penicillin G, and 100 g/ml streptomycin at 37°C in a 5% CO 2 atmosphere in a humidified incubator. We transfected CHO-K1 cells with 20 g of the different pST2B-sLRP1 plasmids using FuGENE 6 reagent (Roche Applied Science) in serumcontaining medium according to the manufacturer's instruc-tions. Stably transfected cells were selected using 300 g/ml zeocin in the culture medium starting 48 h after transfection. CHO-K1 sensitivity to zeocin was determined in preliminary experiments.
Purification of Secreted Minireceptors-Stably transfected CHO-K1 clones were isolated and subcultured in F12-K medium supplemented with 10% FBS, L-glutamine, penicillin/ streptomycin, and 300 g/ml zeocin with the medium changed every 3 days. At near confluence, cells were maintained for 3 days in fresh serum-and protein-free CHO IIIa medium (Gibco) supplemented with 300 g/ml zeocin, 1ϫ HT supplement (Invitrogen), 2 mmol/liter L-glutamine, 100 units/ml penicillin G, and 100 g/ml streptomycin. After this incubation period, the culture medium was collected, and secreted proteins were concentrated with Amicon Ultra-15 centrifugal filters with a 10 kDa nominal molecular mass limit cut-off (Millipore). Secreted polyhistidine-tagged sLRP1s were finally purified with Ni-NTA spin columns (Qiagen). Purified sLRP1s were detected by Western blot with an antibody (Invitrogen) against the N-terminal Myc epitope present in the recombinant minireceptors.
LDL Isolation and Modification
LDL Purification-Human LDL (d 1.019 -d 1.063 g/ml) were obtained from pooled normolipemic plasma by sequential ultracentrifugation in a KBr density gradient. Briefly, VLDLs were first discarded after spinning plasma at 36,000 rpm for 18 h at 4°C using a fixed angle rotor (50.2 Ti, Beckman) mounted on an Optima L-100 XP ultracentrifuge (Beckman). Subsequently, VLDL-free plasma was layered with 1.063 g/ml KBr solution and centrifuged at 36,000 rpm for 18 h at 4°C. LDLs were dialyzed against 0.02 M Trizma, 0.15 M NaCl, 1 mM EDTA, pH 7.5, for 18 h and then against normal saline for 2 h. Finally, isolated LDLs were filter-sterilized (0.22-m Millex-GV filter unit, Millipore). Protein concentration was determined using the BCA protein assay (Thermo Scientific), and the cholesterol concentration was determined with a commercial kit (IL Test Cholesterol, Izasa, Barcelona, Spain).
Fluorescent Labeling of LDL-A stock solution of the fluorescent probe 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanineperchlorate (DiI; Molecular Probes) was prepared by dissolving 30 mg of DiI in 1 ml of DMSO, and then added to the LDL solution to yield a final ratio of 0.5-2 g of DiI/mg of LDL protein. The mixture was incubated for 18 h at 37°C. The obtained labeled LDLs (DiI-LDLs), either in their native form or aggregated, were used in fluorometric assays as described below.
Generation of Aggregated LDL-AgLDLs were generated by vortexing 1 mg/ml LDL in PBS for 4 min at room temperature at maximal speed. AgLDLs were then centrifuged at 10,000 ϫ g for 10 min; the precipitable fraction is composed of 97-100% AgLDLs. Of note, the ultrastructure of AgLDL obtained by vortexing is similar to that of LDL modified by versican, one of the main chondroitin sulfate proteoglycans of the arterial intima (28).
Receptor-Ligand Binding Fluorometric Assay
AgLDL binding to sLRP1s was assessed by a fluorometric assay. Anti-c-Myc capture antibody (Sigma) at 5 g/ml in carbonate/bicarbonate coating buffer (pH 9.6) was immobilized on sterile, tissue culture-treated black polystyrene 96-well plates with lid and clear flat bottom wells (Costar, 3603) overnight at 4°C. After exhaustive washes with 50 mM Tris, 0.14 M NaCl, 0.05% Tween 20, pH 8.0, the nonspecific protein-binding sites of the coated wells were blocked (blocking buffer: 50 mM Tris, 0.14 M NaCl, 1% BSA, pH 8.0) for 1 h at room temperature. The wells were washed again, and 2 g of sLRP1s diluted in blocking buffer supplemented with 0.05% Tween 20 were added to the assay and incubated for 2 h at room temperature. After removal of the samples, the plate was washed several times and then incubated with either DiI-labeled native LDL (DiI-nLDL) or DiI-labeled AgLDL (DiI-AgLDL) for 1.5 h at room temperature. Finally, after several washes, the DiI fluorescence was determined in a SpectraMax Gemini EM fluorescence microplate reader (Molecular Devices) with excitation and emission wavelengths set at 551 and 566 nm, respectively.
Polyclonal Antibody Production
Peptide Synthesis-We identified three potentially highly immunogenic peptides in the ligand-binding domain sLRP1-II with the following sequences, using single-letter code: sLRP1-II peptide 1 (P1; Cys 1051 -Glu 1066 , CTNQATRPPGGSHTDE); sLRP1-II peptide 2 (P2; Asp 1090 -Cys 1104 , DSSDEKSSEGVT-HVC); and sLRP1-II peptide 3 (P3; Gly 1127 -Cys 1140 , GDNDSE-DNSDEENC). These peptides were synthesized as C-terminal amides on a Rink amide MBHA resin (Iris Biotech GmbH, Marktredwitz, Germany) using Fmoc solid-phase protocols in a Prelude instrument (Protein Technologies Inc.) at the Peptide Facility of Pompeu Fabra University (Barcelona, Spain). After deprotection and cleavage with trifluoroacetic acid/water/ethanedithiol/triisopropylsilane (94:2.5:2.5:1, v/v/v/v) for 90 min, the peptides were isolated by precipitation with cold diethyl ether, dissolved in 10% acetic acid, and lyophilized. The crude products were purified to Ͼ95% homogeneity by reverse-phase HPLC, and their identity was verified by electrospray mass spectrometry (Applied Biosystems 4700 Proteomics Analyzer). Finally, the peptides were coupled to the carrier proteins, keyhole limpet hemocyanin (for antibody generation), or BSA (for ELISAs), through their N-or C-terminal cysteine residues.
Animal Immunization-Polyclonal antibodies were produced by the Servei de Cultius Cel⅐lulars, Producció d'Anticossos i Citometria from the Universitat Autònoma de Barcelona (UAB). The animal study was approved by the UAB Animal Research Committee and the Government of Catalonia and conducted in accordance with the Guide for the Care and Use of Laboratory Animals published by the United States National Institutes of Health. Two rabbits (New Zealand) were used to generate antibodies against each peptide. Rabbits were immunized intradermally with 500 g of peptide conjugated to keyhole limpet hemocyanin in Freund's complete adjuvant. After the first immunization, rabbits were administered three booster injections (21 days between immunizations) with similar amounts of peptide but using Freund's incomplete adjuvant instead, and a sample of blood was taken to monitor serumspecific antibody levels by ELISA. Total rabbit sera were collected after the final immunization.
ELISA-The presence of specific antibodies in serum samples was determined by ELISA. Briefly, BSA-conjugated cluster II peptides were immobilized on 96-well plates at 1 g/ml for 60 min in 0.1 M carbonate/bicarbonate buffer, pH 9.6. After blocking with 1% BSA in PBS, the plates were incubated with primary antibodies at several dilutions, followed by 1:1000 diluted horseradish peroxidase-conjugated anti-rabbit IgG (A3673, Sigma-Aldrich). The enzymatic reaction was conducted with SIGMAFAST OPD (o-phenylenediamine dihydrochloride) substrate solution (Sigma-Aldrich). After 30 min, the optical density at 450 nm was measured with a microplate reader (Victor3, PerkinElmer Life Sciences).
Peptide-Ligand Binding Fluorometric Assay
AgLDL binding to cluster II peptides P1-P3 was assessed by a fluorometric assay. Peptide-BSA conjugates were diluted 1:2000 and bound to the wells of a 96-well plate (Costar) overnight at 4°C. Free BSA was used as a negative control. After exhaustive washes with 50 mM Tris, 0.14 M NaCl, 0.05% Tween 20, pH 8.0, the nonspecific protein-binding sites of the coated wells were blocked for 1 h at room temperature. The wells were washed again and incubated with nLDL or AgLDL for 2 h at room temperature. Finally, after several washes, the concentration of cholesterol was measured using an Amplex Red cholesterol assay kit (Molecular Probes), following the manufacturer's instructions. Fluorescence intensity was determined in a SpectraMax Gemini EM fluorescence microplate reader (Molecular Devices; excitation and emission wavelengths set at 520 and 578 nm, respectively); the amount of bound cholesterol was calculated by using a standard curve.
Culture of Human Vascular Smooth Muscle Cells (hVSMCs)
hVSMC cultures were obtained from the medium layer isolated from macroscopically healthy coronary artery segments collected from patients undergoing cardiac transplantation at Hospital de la Santa Creu i Sant Pau (Barcelona, Spain). hVSMCs were isolated by a modification of the explant technique, as described previously (25) (26) (27) (28) . The explants were incubated at 37°C in a humidified atmosphere of 5% CO 2 . After 1 week, the cells start to migrate from the explants and proliferate, covering the floor of the culture well. The medium was exchanged every 3 days after the onset of cell outgrowth; a significant outgrowth was reached after 10 days. Tissue fragments were collected with forceps and placed in a new dish with fresh medium. The cells that remained in the dish were cultured until confluence. For characterization, cells were seeded in coverslips and grown to confluence. Cell quiescence was induced by maintaining the cell culture for 24 h in a medium with 0.2% FCS or for 48 h in a medium with 0.4% serum. All experiments used serum-deprived cells between passages 4 and 6; VSMCs at these passages appeared as a relatively homogeneous population, showing a hill-and-valley pattern at confluence. Western blot analysis for specific differentiation markers revealed high levels of ␣-actin (45 kDa) and calponin (33 kDa). Cell monolayers were grown in medium 199 supplemented with 20% FBS, 2% human serum, 2 mmol/liter L-glutamine, 100 units/ml penicillin G, and 100 g/ml streptomycin. The study was approved by the Institutional Ethics Committee at Hospital de la Santa Creu i Sant Pau and conducted in accordance with the Declaration of Helsinki.
Lipid Extraction and Determination of Free and Cholesteryl Ester Content
Serum-deprived human coronary VSMCs were preexposed to anti-sLRP1-II antibodies for 2 h before they were incubated for 18 h with AgLDLs. Following the lipoprotein incubation period, cells were exhaustively washed (twice with PBS, twice with PBS supplemented with 1% BSA, and once with PBS supplemented with both 1% BSA and 100 units/ml heparin) before they were harvested into 1 ml of 0.15 M NaOH. Lipids were extracted using the Bligh and Dyer method (37) with minor modifications (26) . The lipid extract was redissolved in dichloromethane, applied to silica gel plates, and separated by thin layer chromatography. Various mixtures of cholesterol, cholesterol palmitate, and mono-, di-, and triglycerides were also run as standards. Heptane or a solvent combination of heptane/diethyl ether/acetic acid (74:21:4, v/v/v) was used as a chromatographic mobile phase. After lipid separation, the plates were dried and stained as reported previously (38) . Finally, the spots corresponding to CE and free cholesterol (FC) were quantitated by densitometry against the standard curve using a GS-800 calibrated densitometer (Bio-Rad).
Confocal Microscopy
A stock solution of the fluorescent dye boron-dipyrromethene (BODIPY) was diluted to a final concentration of 1 mg/ml in DMSO. To study lipid droplets, cells were incubated for 30 min with BODIPY (dilution 1:300). Images of immunostained cells were analyzed on a Leica inverted fluorescence confocal microscope (Leica TCS SP2-AOBS; excitation wavelength 480 nm, emission maximum 515 nm). Images were processed with the Leica standard software, TCS-AOBS.
Real-time PCR
Serum-deprived hVSMCs were exposed to lipoproteins in the presence or absence of antibodies. Cells were then washed with PBS, and total RNA was isolated using TriPure reagent (Roche Applied Science) according to the manufacturer's instructions. Reverse transcription was performed using the high capacity cDNA reverse transcription kit (Applied Biosystems), and the reaction mix was subjected to quantitative realtime PCR to detect LRP1 and SREBP-2 using the assays on demand Hs00233899_m1 and Hs00190237_m1 (Applied Biosystems). Human GAPDH from the same provider was used as an endogenous control. Real-time PCR was performed using 1 l/well of reverse transcription products in 10 l of TaqMan PCR master mix (PE Applied Biosystems) with primers at 300 nM and probe at 200 nM. PCR was performed in a PCR-7600HT sequence detection system (ABI PRISM, Applied Biosystems) at 95°C for 10 min for AmpliTaq Gold activation and then run for 40 cycles at 95°C for 15 s and 60°C for 1 min. The relative levels of gene expression were quantitated and analyzed using SDS version 2.4 software. The real-time value for each sample was averaged and compared using the C T method, where the amount of target RNA (2 Ϫ⌬⌬CT ) was normalized to the endogenous control (⌬C T ) and related to the amount of target gene in the cells.
Western Blot Analysis
Serum-deprived cells were exposed to lipoproteins in the presence or absence of antibodies. Cells were then washed with PBS, and total proteins were isolated using TriPure reagent according to the manufacturer's instructions. Equivalent amounts of total protein (25 g) were electrophoresed under nonreducing conditions on SDS-polyacrylamide gels. The samples were electrotransferred to nitrocellulose membranes, which were then saturated at room temperature for 1 h in TTBS (20 mM Tris-HCl, pH 7.5, 500 mM NaCl, 0.01% Tween 20, and 5% nonfat milk). Western blot analyses were performed with specific monoclonal antibodies against LRP1 ␤-chain (Research Diagnostics, clone 8B8 RDI 61067, dilution 1:40) and the corresponding secondary antibody (1:10,000 dilution; Dako). Equal protein loading was verified with Ponceau staining and by anti-␤-tubulin Western blot (Abcam, ab6046, 1:1000 dilution). Bands were detected using the ECL prime Western blotting detection reagent (Amersham Biosciences) and quantitated by densitometry with the ChemiDoc system and Quantity-One software (Bio-Rad). Results are expressed as arbitrary units of intensity.
Cell Migration and Wound Repair Assays
hVSMCs were seeded on glass bottom sterile culture dishes. Confluent cells were scratched to create a double-sided wound, as described previously (39, 40) and washed with PBS. Human VSMCs were grown in medium 199 supplemented with FBS (10%), penicillin/streptomycin (1%), and L-glutamine (1%). Photographs were taken at various times over an 18-h period, and cell migration and wound repair were analyzed by measuring the injured area covered by cells counted from the wounding borders with the ImageJ software.
Statistical Analysis
Comparisons among groups were performed by parametric (one-factor analysis of variance) or nonparametric (MannWhitney U test) analysis as needed. Statistical significance was considered when p was Ͻ0.05.
Results
Aggregated but Not Native LDL Binds to LRP1 Cluster II-To
investigate AgLDL binding properties of LRP1 clusters II, III, and IV, we recombinantly expressed these soluble minireceptors (hereafter termed sLRP1-II, sLRP1-III, and sLRP1-IV, respectively; Fig. 1A ). Plasmids encoding these three clusters, N-terminally extended by His and Myc tags to assist in protein detection and purification, were stably transfected into CHO-K1 cells as described under "Experimental Procedures." We have excluded the possibility of misfolding or misglycosylation of the receptor fragments by using mammalian cells instead of bacteria for recombinant protein expression. The use of mammalian cells guarantees that post-translational modifications are correctly performed and that only correctly folded proteins are secreted to the extracellular medium. Further, we have performed all minireceptor expression and purification procedures in the presence of CaCl 2 to guarantee occupancy of the single Ca 2ϩ -binding site present in all CR modules. Culture media were collected, and secreted LRP1 minireceptors were purified by metal affinity chromatography on Ni-NTA columns. Fig. 1B shows the analysis of Ni-NTA-purified supernatants by immunoblotting with anti-Myc antibodies. The molecular sizes of the three LRP1 clusters expressed in CHO-K1 cells correlated well with those predicted from the amino acid sequence and putative N-linked glycosylation sites. These molecular sizes were also close to those previously found for similar constructs expressed in human glioblastoma U87 cells (36) .
Most of the previous studies that aimed to analyze the interaction of LRP1 with different ligands were performed by surface plasmon resonance, using purified receptor fragments immobilized on BIAcore sensor chips. However, the large AgLDL size (diameter of ϳ600 nm) precludes the use of surface plasmon resonance for studying its interactions with LRP1. Therefore, to analyze the potential role of each LRP1 cluster in AgLDL binding, we developed a receptor-ligand binding fluorometric assay based on the immobilization of the recombinant LRP1 minireceptors with anti-c-Myc capture antibodies and the use of DiIlabeled AgLDL (Fig. 2A) . As a negative control, we used the supernatants from CHO-K1 cells transfected with the empty vector. As shown in Fig. 2B , AgLDLs specifically bind to cluster II at all concentrations tested, although at the highest concentration (250 g/ml), they also showed a slight binding to clusters III and IV. In contrast, there was no detectable binding of nLDL to any LRP1 cluster even at the maximum concentration tested. After correcting for background binding, we found that AgLDL binding to cluster II increased linearly with the lipoprotein concentration. Finally, we also generated a recombinant construct that spans the five "internal" complement-type repeats of cluster II, CR4/CR8 (Fig. 1B) . There was no detectable binding of AgLDL to this receptor fragment (Fig. 2B) , suggesting that cluster II domains CR3, CR9, and/or CR10 are critical for AgLDL interaction.
Aggregated LDL Specifically Binds to a Peptide Corresponding to the C-terminal Half of Domain CR9 -Next, we decided to start exploring in more detail cluster II regions that might be involved in important contacts with AgLDL. Using the structural data summarized in the Introduction and with the help of several bioinformatics tools, we predicted three well exposed and potentially immunogenic peptides in LRP1 cluster II (Fig.  3A) . Partial sequence alignments around these regions are given in Fig. 3B . These peptides, corresponding to the Cys 1051 -Glu 1066 , Asp 1090 -Cys 1104 , and Gly 1127 -Cys 1140 sequences of human LRP1 were synthesized and purified for further characterization. (For simplicity, these peptides are referred to here as P1, P2, and P3, respectively). To analyze whether these peptides possess LDL binding capacity, we coupled them to BSA and exposed these peptide-BSA conjugates to lipoproteins in our predesigned ELISA as explained in the legend to Fig. 4A . The fluorescence (arbitrary units) corresponding to the background control (immobilized BSA) was subtracted from the fluorescence corresponding to P1-, P2-, and P3-coated wells not exposed to LDL or exposed to native or aggregated LDL (100 g/ml) ( Table 2) . Then, by using a standard curve of cholesterol, we transformed fluorescence into cholesterol concentrations. As shown in Fig. 4B , P3-coated wells have a strong capacity to specifically bind AgLDL. In contrast, and in line with the lack of AgLDL binding to the CR4/CR8 construct (Fig. 2B) , neither P1 nor P2 peptides bound AgLDL or nLDL under these experimental conditions.
The C-terminal Half of LRP1 Domain CR9 (Gly 1127 -Cys
) Is Crucial for AgLDL Binding and Internalization in hVSMCs-
To explore the biological relevance of the AgLDL-LRP1 interactions demonstrated above in vitro, we generated rabbit poly- clonal antibodies against each of the studied cluster II peptides, as described under "Experimental Procedures." (These polyclonal antibodies will be referred to as anti-P1, anti-P2, and anti-P3, respectively.) Notice that the selected sequences are not conserved in any other LDLR family member, which should guarantee specific interference with LRP1-mediated events. As expected, anti-P3 dose-dependently reduced the capacity of the P3 peptide to bind AgLDL, whereas anti-P1 and anti-P2 polyclonal antibodies did not exert any significant effect in this regard (Fig. 4C) .
Next, we analyzed whether anti-P1, anti-P2, and/or anti-P3 Abs prevented AgLDL uptake by hVSMCs. To this end, we exposed these cells to AgLDL (75 g/ml) in the presence or absence of increasing amounts of anti-peptide Abs. hVSMCs unexposed to lipoproteins showed undetectable levels of intracellular CE (41) . Therefore, intracellular CE detected in these cells upon exposure to AgLDL derives exclusively from lipoprotein uptake. As expected (26, 41) , the uptake of AgLDL (75-100 g/ml) induced a strong intracellular CE accumulation in hVSMCs. Anti-P1 and anti-P2 Abs (dilution 1:5) slightly decreased AgLDL-derived intracellular CE accumulation to a maximal 45% reduction (Fig. 5A) . In contrast, anti-P3 Abs at the same relative concentration were almost twice as effective in reducing CE accumulation, indicating that P3 is pivotally involved in LRP1-mediated AgLDL binding and internalization. As shown in Fig. 5B , further increasing Ab relative concentration (from 5-to 13-fold) did not further reduce hVSMC intracellular CE levels, indicating that 20 -30% of Ab is sufficient to saturate receptor binding sites. The combination of the three antibodies was ineffective to further reduce AgLDL-derived intracellular cholesteryl ester accumulation (Fig. 6) , suggesting that anti-P1 and/or anti-P2 Abs sterically interfere with the binding of anti-P3 to CR9.
Confocal microscopy analysis of BODIPY-stained cells showed an almost complete absence of AgLDL-induced lipid droplets in anti-P3-treated hVSMCs (Fig. 7) . None of the tested Residues that belong to the three well exposed, immunogenic peptides P1-P3 are shown with all of their non-hydrogen atoms, color-coded as follows: green, carbon; blue, nitrogen; red, oxygen; yellow, sulfur. B, partial sequence alignment of the CR7/CR9 tandem from human LRP1 and closely related members of the LDLR family. The sequences of the P1-P3 peptides and topologically equivalent stretches in other receptors are boxed. Notice the large sequence differences, even with the most closely related member of the family, LRP1B.
LRP1-CR9 Domain and VSMC Foam Cells
Abs at the maxim tested concentration exerted any significant effect on the slight nLDL-derived intracellular CE accumulation (data not shown). Of particular note, anti-P3 antibodies at 7.5 relative concentration showed a similar capacity as RAP (100 g/ml) to block AgLDL-induced accumulation of intracellular CE in hVSMCs (Fig. 8B) . Different from RAP, however, anti-LRP1 Abs were unable to regulate intracellular CE accumulation induced by nLDL in these cells (Fig. 8A) . Altogether, these results strongly suggest that domain CR9 in LRP1 cluster II is the most important epitope for AgLDL binding and internalization.
The C-terminal half of LRP1 domain CR9 Is Crucial for AgLDL-induced SREBP-2 Down-regulation and LRP1 Overexpression in hVSMCs-Previous studies from our group have demonstrated that AgLDL positively modulates LRP1 gene expression and protein levels (34, 42, 43) , generating a positive feedback loop that efficiently transforms hVSMCs into foam cells (30) . Down-regulation of sterol regulatory element-binding protein 2 (SREBP-2) plays a crucial role in the positive modulation of LRP1 by AgLDL (34, 42, 43) . In light of these previous findings, we decided to explore the possible impact of antipeptide antibodies on SREBP-2 down-regulation and LRP1 upregulation induced by AgLDL. Indeed, anti-P3 Abs strongly prevented SREBP-2 decay induced by AgLDL, whereas anti-P1 and anti-P2 Abs exerted only a slight effect in this regard (Fig.  9A ). In line with these findings, and although anti-P1 and anti-P2 Abs diminished the levels of AgLDL-induced LRP1 mRNA expression, a complete reversion of this stimulatory effect was only observed in the presence of anti-P3 Abs (Fig.  9B) . Further, and in line with these real-time PCR results, Western blot analysis showed that anti-P3 Abs have a much stronger capacity than anti-P1 and anti-P2 Abs to prevent LRP1 protein up-regulation induced by AgLDL (Fig. 9C) . These results are in agreement with the crucial role of domain CR9 in LRP1-mediated AgLDL uptake by human VSMCs.
Anti-P3 Antibodies Reverse the Down-regulatory Effect of AgLDL on hVSMC Migration-Previous studies from our group have demonstrated that AgLDL decreases the migratory capacity of hVSMCs (39, 40) . To study the effect of anti-cluster II Abs on this activity, we incubated unexposed and AgLDLexposed hVSMCs to anti-P3 Abs and measured the capacity of hVSMCs to migrate and cover the scratch after 18 h. In line with all findings presented above, anti-P3 Abs fully reverted the down-regulatory effect of AgLDL on hVSMC migration (Fig. 10) .
Discussion
Our previous studies have consistently demonstrated that LRP1 binds and internalizes AgLDL in human VSMCs, causing a strong intracellular cholesteryl ester accumulation in these cells (26 -30) . This, in turn, induces LRP1 overexpression (34, 42, 43) and thus a positive feedback loop that efficiently transforms hVSMCs into foam cells (29, 30) . These foam cells synthesize and release increased amounts of tissue factor, a key element in the prothrombotic transformation of the vascular JUNE 12, 2015 • VOLUME 290 • NUMBER 24
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wall and thus in the progression of atherosclerosis to thrombosis (44) . Remarkably, it has been recently reported that at least 50% of the foam cells previously regarded as monocyte-derived macrophages in human atherosclerotic plaques originate, in fact, from VSMCs (35) . Taken together, these findings suggest that generation of hVSMC-derived foam cells through LRP1-mediated AgLDL uptake is a key mechanism for vascular lipid deposition in atherosclerosis.
The LRP1 region(s) that participate in AgLDL binding have remained unknown to date. In the present study, we demonstrate that AgLDL primarily binds to LRP1 cluster II. In particular, the region Gly 1127 -Cys 1140 that spans the C-terminal half of domain CR9 seems to be crucial for AgLDL binding and uptake because antibodies raised against this peptide strongly impaired intracellular cholesteryl ester accumulation caused by AgLDL. Similar to other members of the family, LRP1 cluster II contains eight CRs that are flanked by EGF and ␤-propeller modules. It is known that CRs in the second and fourth clusters of LRP1 are the most active modules in terms of ligand binding (45) , whereas the EGF-like domains and the ␤-propeller possess a discrete function in ligand binding but are essential for the dissociation of ligands in endosomes (46) . The beds-in-a-string arrangement of CR modules in each minireceptor, and in particular in clusters II and IV, seems to be essential for adopting dissimilar quaternary structures and thus creating various ligand binding platforms. This feature, in turn, might explain the wide variety of fully unrelated proteins and protein complexes that are capable of interacting with these clusters, including both free and serpin-bound proteinases (e.g. ADAMTS4 and ADAMTS5 (47) and the uPA⅐PAI complex (48, 49) ; the serum pan-proteinase inhibitor, ␣ 2 -macroglobulin (50, 51); apoE (52) ; and lipoprotein lipase (53) .
We have previously shown that native LDL is taken up through the classical LDL receptor in hVSMCs (26) but does not appear to bind LRP1. Why then is AgLDL able to interact with this receptor? Possibly, a modification of the apoB protein during aggregation exposes a cryptic binding site, a "neoepitope," on the AgLDL surface that is specifically recognized by LRP1 cluster II. This neoepitope might arise due to covalent protein modifications and/or local protein unfolding or through formation of dimers or larger apoB aggregates that are not found in native LDL. It has been reported that LRP1 plays no role in the metabolism of apoB-100-containing lipoproteins (54) . In this regard, our previous results indicate that apoB-100 FIGURE 5 . Antibodies raised against the C-terminal half of domain CR9 inhibit AgLDL-derived intracellular CE accumulation in human VSMCs. hVSMCs were preincubated with increasing concentrations of rabbit polyclonal Abs raised against P1-P3 peptides for 2 h and then exposed to AgLDL or nLDL for a further 18 h. Cells were then collected and submitted to lipid extraction. A and B, thin layer chromatography of CE and FC in AgLDL-exposed hVSMCs and bar graphs showing the quantitation of these bands. C, thin layer chromatography of CE and FC in nLDL-exposed hVSMCs. in AgLDL is not degraded in lysosomes, as is the case with the native lipoprotein (29) . These results support the interaction of LRP1 with a new AgLDL-specific neoepitope.
In our hands, AgLDL bound specifically to the Gly 1127 -Cys 1140 peptide from LRP1 but neither to the whole CR4/CR8 tandem nor to other exposed epitopes within this region (Cys 1051 -Glu 1066 and Asp 1090 -Cys 1104 ). These findings indicate that cluster II domain CR9 and in particular its C-terminal stretch are critical for AgLDL binding to LRP1. In line with these biochemical results, functional cellular assays in hVSMCs showed that antibodies directed against the CR9 peptide more efficiently inhibited intracellular AgLDL-derived CE accumulation than did those raised with the CR7/CR8 peptides. We must stress, however, that both anti-P1 and anti-P2 Abs also exerted a partial inhibitory effect on intracellular AgLDL-derived CE accumulation although to a lesser extent. The results obtained using a mixture of the three developed Abs indicate that anti-P1 and anti-P2 antibodies sterically interfere with AgLDL-CR9 interactions and/or "freeze" a receptor conformation that is not competent for lipoprotein binding. Further studies are required to define the specific molecular interactions that are ultimately responsible for AgLDL recognition and the mechanism of internalization. In addition to highly efficient blocking of AgLDL-derived intracellular CE accumulation and lipid droplet formation, the described anti-cluster II Abs also efficiently abolished the down-regulatory effect of AgLDL on SREBP-2 mRNA expression and its stimulatory influence on LRP1 expression. In agreement with our previous studies (34, 42, 43) , AgLDL modulated both SREBP-2 and LRP1 mRNA levels in hVSMCs, but this effect was completely reversed by anti-P3 Abs.
Similar to all previously characterized ligands of the LDL receptor family, AgLDL binding was prevented by the universal chaperone, RAP (55) (56) (57) (58) (59) . Inspection of the structure of the CR5/CR6 tandem bound to RAP domain 1 (8) and sequence comparisons reveal that residues involved in receptor-chaperone interaction are conserved or conservatively replaced in CR9, explaining our experimental findings (Fig. 11) . These sequence analyses also reveal a unique cluster of acidic residues in the C-terminal half of module CR9, which may be responsi- ble for the specific recognition of AgLDL. Residues Glu 1132 , Asp 1133 , Glu 1138 , and Glu 1141 are thus likely to play a particularly relevant role in this regard.
Our current results open new avenues for the design of molecules able to specifically inhibit the positive feedback loop that efficiently transforms human VSMCs into foam cells, without or with only minimal side effects (summarized in Fig. 12 ). VSMCs play a crucial role in the formation of a fibrous cap that stabilizes the atherosclerotic plaque. This is especially important in lipid-enriched atherosclerotic plaques (60, 61) . Our results indicate that anti-P3 Abs preserve the migratory capacity of hVSMCs in the presence of AgLDL, suggesting that these antibodies are potentially useful to prevent the rupture of atherosclerotic plaques and thus the progression of atherosclerosis to thrombosis. Remarkably, AgLDL is the first ligand reported to interact with a unique LRP1 domain, CR9, which seems to exclusively recognize aggregated lipoproteins. Along these lines, it is noteworthy that the CR8/CR9 tandem is the only pair of consecutive CR modules from LRP1 cluster II that shows only negligible affinity for serpins PAI-1 and PN1 (62) . This makes CR9 an ideal target to counteract direct LRP1-AgLDL interactions without altering other physiologically essential receptor functions. Therefore, the peptides and Abs described in this work may be used to prevent not only VSMC foam cell formation in atherosclerotic lesions but also to retard the evolution of atherosclerosis to thrombosis. In this regard, the inhibition of macrophage foam cell formation has been shown to retard atherosclerosis progression (63) (64) (65) . We expect beneficial anti-atherosclerotic effects of impairing hVSMC foam cell formation because VSMCs play a major role in the maintenance of vascular integrity and contractility. Interestingly, the administration of a domain from LRP1 cluster IV significantly reduced brain A␤ levels in a mouse model of Alzheimer disease (66) . Our results open the possibility of a similar therapeutic approach (e.g. by using P3 peptides or peptidomimetics) for treating atherosclerosis. A, sequence alignment of CR modules from human LRP1 cluster II. Strictly conserved residues are white with green shading, and other well conserved or conservatively replaced residues are shaded gray. Disulfide bridges are shown above, and residues contributing main (M) or side chain oxygen atoms (S) to Ca 2ϩ coordination are indicated below the alignment. Some residues from domains CR5 and CR6 involved in important interactions with RAP are underlined. The residues that form the unique acidic cluster in the C-terminal half of domain CR9 are highlighted in red. B, three-dimensional representation of the complex between the CR5 and CR6 repeats and RAP domain d1. LRP1 domains are given as a blue and RAP as a green schematic. Some interface residues are shown with all of their non-hydrogen atoms, color-coded. Note the presence of exposed salt bridges at the receptor-chaperone interface, in particular between Arg 988 (CR6) and the acidic Glu 30 in RAP. 
